The sense of elevation perceived by human listeners is normally attributed to high-frequency spectral structure above 4 kHz, caused by anatomical filtering. Our research began with the conjecture that elevation information might be available below 4 kHz when it is linked to an quasi-continuous set of azimuthal cues through standard (KEMAR) head related transfer functions. Two tests were run. In the elevation identification test, listeners reported the perceived elevation of a source that rotated by 90 degrees of azimuth in a horizontal plane with fixed elevation (-40 to +70 degrees). In the elevation discrimination test, listeners heard two such rotations in two horizontal planes with different elevations and reported which rotation had the higher elevation. Results of the rotation experiments were compared with the results from similar experiments with fixed azimuths.
INTRODUCTION
When sound waves impinge on a human listener, the waves are diffracted by the complicated structures of the listener's anatomy. The resulting waves, as they arrive at the listener's two ears, include spectral details that depend both on the details of the listener's anatomy and on the direction of incidence of the waves. The ability of listeners to determine the elevation of a sound source is attributed to the ability to interpret the spectral details in terms of the incident direction of the waves.
Early experiments on the perception of elevation focused on the mid-sagittal plane, including the points directly in front, directly in back, and overhead. Experiments with altered pinna indicated that small details of the head anatomy, including the pinna, were critical for effective sound localization in this plane. (Batteau, 1967; Gardner and Gardner, 1973; Oldfield and Parker, 1984) . Sensitivity to details of the pinna, however, occurs only for sounds with comparable wavelengths. As a result, it seemed apparent that effective perception of elevation required broadband sounds including high frequencies. Roffler and Butler (1968) found that it was necessary to have spectral information above 7 kHz. Asano et al. (1990) concluded that the relevant elevation cues were above 5 kHz.
Consistent with the previous research, experiments by Algazi et al. (2001) found that lowpass filtering a noise band at 3 kHz greatly reduced the ability of listeners to determine elevation both in front and in back in the midsagittal plane. However, when the azimuth of the source was moved off the mid-sagittal plane, the effects of restricting the frequency range were much less detrimental to elevation localization. In their experiments the sources were placed on cones of confusion with azimuths of 25, 45, or 65 degrees. Interestingly, elevation judgments were more accurate for sources in back than in front for the lowpassed noise, though there was no such effect for a broadband noise.
The experiments by Algazi et al. were headphone experiments using individualized anatomically related transfer functions. They were supplemented with other individualized model transfer functions computed by adding torso reflection to a spherical head model of diffraction. The most straightforward interpretation of these experiments is that when the source of sound is on the mid-sagittal plane listeners used the spectral shaping caused by the pinnae to determine elevation, but for sources off the mid-sagittal plane, spectral shaping by reflections from the torso can replace the pinna effects with surprisingly good effect.
The experiments reported in the present article also explored the ability of human listeners to judge the elevation of low-passed noise sources off the mid-sagittal plane. Like the experiments by Algazi et al., the stimuli were delivered by headphones. Unlike the Algazi experiments, the stimuli were not individualized. The concept motivating the experiments was that listeners might be able to determine the elevation of sources if elevation information was associated with a broad range of azimuthal information. Consequently, the experiments investigated rotating stimuli --rotating in planes of fixed elevation.
IDENTIFICATION EXPERIMENT
The basis of the experiments was to present lowpassed noise stimuli from a plane of fixed elevation. Over the course of four seconds, the azimuth of the source moved through an angle of 90 degrees providing simultaneous azimuthal and elevation head-related transfer function (HRTF) cues. The listener's ability to identify the elevation of the plane of rotation was compared to experiments where the azimuth was fixed --no rotation.
Methods
Listeners were seated in a sound-treated quiet room and heard the stimuli through headphones. Listeners were aware of the elevations that were possible, and their task was to identify the elevation using a graphical interface. They received some initial instruction and practice in the experiment but did not receive feedback during the course of the experiment.
Stimuli
Two-channel noise stimuli were presented to listeners using Sennheiser HD650 headphones. The noise had been lowpass filtered with a corner frequency of 3 kHz and a sharp spectral edge so that power was down by 60 dB one octave higher at 6 kHz. Azimuth and elevation cues were impressed on the noise using the PKU-IOA head-related transfer functions. These HRTFs are high spatial resolution HRTFs for KEMAR, which were measured at 6344 spatial points, with distances from 20 to 160 cm, elevation from í40 to 90 degree, and azimuth from 0 to 360 degree (Qu et al., 2009) . Data from the 160-cm distance were used. The level of the stimuli depended somewhat on the source locations but was approximately 67 dBA SPL. For the identification experiment, the simulated stimuli were on 12 different planes of elevation from í40 degrees to +70 degrees in 10-degree increments.
Listeners
There were five listeners, all male. Listeners L1 and L5 were 41 and 25 years old. The other listeners were 23. All had normal hearing according to standard pure-tone audiometric tests. Listener L1 was the first author.
Rotations and Controls
Two rotations were tested. On the first, the azimuth varied from 0 degrees to 90 degrees, i.e. from in front to the far right. On the second, the azimuth varied from 45 degrees to 135 degrees --symmetrical about a mid-frontal plane to the listener's right. A reason for doing the second rotation is that it includes source locations behind the listener where Algazi et al. found the best performance. The control trials were also four-second noises but with fixed azimuths, 0 degrees and 45 degrees. The trials at zero degrees are in the mid-sagittal plane where so many other experiments have been done historically. The choice of 45 degrees for the fixed elevation was made because it was expected that it would optimize performance, though there was no particular reason to expect that result. Algazi et al. used azimuths of 25, 45, and 65 degrees. Given the rather large range of individual differences they encountered, it isn't possible to say that one of these azimuths led to better localization than another, though all of them were better than 0-degrees (mid-sagittal).
During an experimental run, the azimuth rotation (or non-rotation) was held constant. A run included 6 trials on each of the 12 horizontal planes (total 72 trials) and lasted 20 minutes. Final data were based on 1 run for each listener in each of the four conditions.
Results
The results of the identification task were expressed in terms of correlation coefficients between the stimulus elevations and the response elevations. The results are shown in Table 1 . It is evident that the 45-degree fixed source was far better localized than the 0-degree fixed source, consistent with observations by Algazi et al. It is also evident that the rotation from 45 to 135 degrees led to better localization than the rotation from 0 to 90 degrees. On the average, the rotation from 45 to 135 degrees led to the best identification of elevation, though this was not true for all the listeners. For listeners L1 and L3, the fixed 45-degree azimuth led to better localization.
DISCRIMINATION EXPERIMENT Methods
The large individual differences in the identification experiment caused us to try a discrimination experiment in a search for the role of varied azimuth in elevation localization. The stimulus conditions and listeners were the same as for the identification experiment.
Stimuli were again on 12 different planes of elevation from í40 degrees to +70 degrees in 10-degree increments. In the discrimination experiment, listeners heard two four-second noises in succession from different elevations. A complete experiment run included all permutations of different elevations, i.e. 12 11 or 132 trials. Listeners were required to say whether the second noise was higher or lower in elevation than the first. They made their responses through an interactive computer program that collected the data. The permutations were randomized in an experiment run, but because of the long duration of the run, the session was divided into four segments with rest periods in between. The duration of a run was about 40 minutes. Each listener completed three runs.
Results
An impression of listener performance can be gained from the percentage of correct responses. For the fixedazimuth control trials, the percent correct averaged across listeners, with standard deviation (), was 48 (5) and 63 (7) for zero and 45 degrees respectively. For the rotations, the percents were 56 (7) and 71 (11) for 0-90 and 45-135 rotations respectively. Again, the best performance occurred for the rotation from 45 to 135 degrees.
Because the differences between the elevations covered a considerable range, from a minimum of 10 degrees to a maximum of 110 degrees, it seemed preferable to report results in a way that takes account of the different increment sizes. We decided to use an accumulated error as a measure of performance. The error score was simply the total of the absolute value of the difference in elevations on trials where the listener made an error. For instance, if the listener made an error on a 60-70 degree trial, the score was incremented by 10, and if the listener made an error on a 50-20 trial, the score was incremented by 30. Over all the trials of a run the largest possible error score is 5720 and the smallest is 0. The expected score for random guessing is 2860.
The error scores from the discrimination experiment are given in Fig. 1 . The points on the figure are jogged to make it easy to identify the individual listeners, L1, L2, ... in order from left to right. The data show considerable similarity to the results of Experiment 1. Discrimination was poor for a fixed azimuth of 0; error scores for all the listeners except L4 were slightly worse than random guessing. Scores improved (decreased) for all listeners for a fixed azimuth of 45 degrees. As for the identification experiment, the best 45-degree scores were for listeners L1 and L2. On the 0-90-degree rotation listener L2 obtained a negative correlation in the identification experiment, and that listener also produced the anomalously large error score on this rotation condition in the discrimination experiment. Listeners L1 and L2 achieved very low error scores for the 45-135-degree rotation. The error score for listeners L3 and L5 on the 45-135-degree rotation were similar to those for fixed 45-degrees, but the error score for listener L4 was better for the rotations than for fixed 45 degrees.
Overall, the results of the discrimination experiment offer modest support for the hypothesis that exposure to simultaneous azimuth and elevation information over a large range of different azimuths can augment a listener's ability to localize the elevation compared to exposure only to a fixed azimuth. 
DISCUSSION
The experiments of this article led to two main conclusions. First, for sources with fixed azimuth, elevation perception is better for an azimuth of 45 degrees compared to 0 degrees (median plane). This conclusion is consistent with the results of Algazi et al. (2001) . The second conclusion is that, at least for some listeners, the best elevation localization occurs when the source azimuth rotates from 45 to 135 degrees.
Both of these conclusions appear strange in view of other research on localization in sagittal planes. There has long been interest in determining the contributions to elevation perception from each of the two ears, especially for sources off the median plane, where the source is closer to one ear than the other. The relative contribution of the two ears has been tested in experiments where one ear is partially occluded leading to unilateral distortions of the source spectrum (e.g. Humanski and Butler, 1988) . The distortions become perceptually evident when the source of sound is on the occluded side. A dominance of one ear is observed when the source is on the normal side and occlusion leads to no deficit at all compared to the case where both ears are normal.
Morimoto (2001) concluded that when the azimuth of a source is larger than 60 degrees, the far ear no longer contributes significantly to elevation perception. Virtual reality experiments by Jin et al. (2004) suggested that the far ear contributes negligibly when the azimuth is greater than 40 degrees. An angle of 45 degrees exceeds this limit. Therefore, a straightforward implication would be that the good performance observed in our experiments for the 45-135-degree rotation is attributable to cues that are essentially monaural. However, an important consideration is that the experiments with distorted cues all included high frequencies, up to 14 or 15 kHz at least.
If listeners preferentially use high-frequency cues to determine elevation, then there is a physical reason for a sharply reduced role for the far ear. The head attenuates high frequencies by an amount that increases dramatically with increased frequency --theoretically increasing as the fourth power of the frequency. On the other hand, from occlusion experiments, Hofman and van Opstal (2003) concluded that the dominance of the spectral cues on one side was actually determined by the perceived azimuth of the source. Virtual reality headphone experiments using normal ears, but distorted stimuli, by Macpherson and Sabine (2007) likewise suggested that the actual weighting of cues was determined by the perceived azimuth.
A schema that is consistent with much of the data says that high-frequency information is essential for elevation localization on the midsagittal plane or close to it. Possibly that arises because there are no interaural differences in that plane. For sources away from the midsagittal plane, there are low-frequency cues associated with the torso that enable some elevation localization. The low frequency cues might involve interaural differences, which would be available because the head would not cast an obliterating shadow. The schema would require that the low-frequency cues are considerably less effective than high frequency cues. Therefore, broadband experiments would show a significant localization deficit for all azimuths when high frequencies are removed, and occlusions that affected high-frequency response would lead to deficits on the occluded side. The availability of low-frequency cues off the midsagittal plane would explain the special difficulty with virtual reality experiments on that plane because of the extreme sensitivity of high frequencies to stimulus delivery manipulations. (Wightman and Kistler, 1989) .
At this point we cannot prove that the rotation and exposure to constant elevation for a wide range of azimuths leads to especially effective localization cues compared to a fixed source with a the most effective azimuth. It is possible that further virtual experiments comparing consistent and inconsistent azimuth and elevation cues will provide some evidence for the integration of joint azimuth and elevation cues.
